EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) 



(N 

O 
(N 

o 

Q 

(N 



X 



(N 
> 
oo 

in 

(N 
(N 



X 





CERN-PH-EP-201 2-366 
Submitted to: Phys. Rev. Lett. 



Observation of Associated Near-side and Away-side Long-range 
Correlations in ^snn = 5.02 TeV Proton-lead Collisions with 

the ATLAS Detector 



The ATLAS Collaboration 



Abstract 

Two-particle correlations in relative azimuthal angle (A0) and pseudorapidity (Ar?) are measured 
in ^/sNN = 5.02 TeV p+Pb collisions using the ATLAS detector at the LHC. The measurements are 
performed using approximately 1 ^ub^^ of data as a function of pt and the transverse energy {T.E^") 
summed over 3.1 < r] < 4.9 in the direction of the Pb beam. The correlation function, constructed 
from charged particles, exhibits a long-range (2 < | A??| < 5) near-side (A0 ~ 0) correlation that grows 
rapidly with increasing A long-range away-side {A(j) ~ tt) correlation, obtained by subtracting 

the expected contributions from recoiling dijets and other sources estimated using events with small 
is found to match the near-side correlation in magnitude, shape (in Ar? and A(/)) and T^E^" 
dependence. The resultant A0 correlation is approximately symmetric about 7r/2, and is consistent 
with a cos2A(/) modulation for all T.E^" ranges and particle pt- The amplitude of this modulation is 
comparable in magnitude and pt dependence to similar modulations observed in heavy-ion collisions, 
suggestive of final-state collective effects in high multiplicity events. 
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Two-particle correlations in relative azimuthal angle (A0) and pseudorapidity (Arj) are measured 
in ^snn = 5.02 TeV p+Pb collisions using the ATLAS detector at the LHC. The measurements are 
performed using approximately 1 fj,h~^ of data as a function of pT and the transverse energy {'SE^P') 
summed over 3T < 77 < 4.9 in the direction of the Pb beam. The correlation function, constructed 
from charged particles, exhibits a long-range (2 < |Ar;| < 5) near-side {A<f) ~ 0) correlation that 
grows rapidly with increasing "EE^^ . A long-range away-side (A(/!> ~ tt) correlation, obtained by 
subtracting the expected contributions from recoiling dijets and other sources estimated using events 
with small T,E^'' , is found to match the near-side correlation in magnitude, shape (in Arj and Atf)) 
and Ei^x'' dependence. The resultant Acp correlation is approximately symmetric about it/2, and 
is consistent with a cos2A(j!> modulation for all "EE^^ ranges and particle px. The amplitude of 
this modulation is comparable in magnitude and pT dependence to similar modulations observed in 
heavy-ion collisions, suggestive of final-state collective effects in high multiplicity events. 

PACS numbers: 25.75.-q 



Proton-nucleus {p+A) collisions at the Large Hadron 
Collider (LHC) provide both an interesting environment 
for the study of QCD at high parton density and impor- 
tant baseline measurements, especially for the interpre- 
tation of results from the LHC Pb-|-Pb program [1]. In 
particular, it has been suggested that p-|-Pb collisions at 
LHC energies are an important system for the study of 
a possible saturation of the growth of parton densities at 
low Bjorken-x. 

High-multiplicity events provide a rich environment for 
studying observables associated with high parton densi- 
ties in hadronic collisions. An important tool to probe 
the physics of these events is the two-particle correlation 
function measured in terms of the relative pseudorapidity 
(A?7) and azimuthal angle (Ac/)) of selected particle pairs, 
C{Ari,A(j)). The first studies of two-particle correlation 
functions in the highest-multiplicity p + p collisions at 
the LHC [2] showed an enhanced production of pairs of 
particles at Acfi ^ 0, with the correlation extending over 
a wide range in A77, a feature frequently referred to as a 
"ridge." Many of the physics mechanisms proposed to ex- 
plain the p + p ridge, including multi-parton interactions 
[3], parton saturation [4-6], and collective expansion of 
the final state [7], are also expected to be relevant in 
p+Pb collisions. A recent measurement [8] has demon- 
strated that a ridge is clearly visible over IA77I < 4 in 
high- multiplicity p-f Pb collisions at the LHC. During fi- 
nal preparation of this Letter, the ALICE collaboration 
submitted a Letter addressing similar physics, within the 
range |A?/| < 1.8, and with some differences in analysis 
technique [9]. 

To provide further insight into the physical origin 
of these long-range correlations, this Letter presents 
ATLAS measurements of two-particle angular correla- 
tions over \Ar]\ < 5 in p-|-Pb collisions, based on an in- 
tegrated luminosity of approximately 1 /ib~^ recorded 
during a short run in September 2012. The LHC was 



configured with a 4 TeV proton beam and a 1.57 TeV 
per-nucleon Pb beam that together produced collisions 
with a nucleon-nucleon centcr-of-mass energy of ^snn = 
5.02 TeV and a rapidity shift of —0.47 relative to the 
ATLAS rest frame [10]. 

The measurements presented in this Letter are per- 
formed using the ATLAS inner detector (ID), forward 
calorimeters (FCal), minimum-bias trigger scintillators 
(MBTS), and the trigger and data acquisition sys- 
tems [11]. The ID measures charged particles within 
I77I < 2.5 using a combination of silicon pixel detectors, 
silicon micro-strip detectors, and a straw-tube transi- 
tion radiation tracker, all immersed in a 2 T axial mag- 
netic field [12]. The MBTS detect charged particles over 
2.1 < [77[ < 3.9 using two hodoscopes of 16 counters posi- 
tioned at z = ±3.6 m. The FCal consists of two sections 
that cover 3.1 < \ri\ < 4.9. The FCal modules are com- 
posed of tungsten and copper absorbers with liquid argon 
as the active medium, which together provide 10 interac- 
tion lengths of material. Minimum-bias p+Ph collisions 
are selected by a trigger that requires a signal in at least 
two MBTS counters. 

The p+Ph events used for this analysis are required 
to have a reconstructed vertex containing at least two 
associated tracks, with its z position satisfying [zvtxl < 
150 mm. Non-collision backgrounds and photonuclear 
interactions are suppressed by requiring at least one hit 
in a MBTS counter on each side of the interaction point, 
and the difference between times measured on the two 
sides to be less than 10 ns. Events containing multi- 
ple p+Ph collisions (pileup) are suppressed by rejecting 
events with two reconstructed vertices that are separated 
in z by more than 15 mm. The residual pileup fraction is 
estimated to be < 10^^. About 1.95 million events pass 
these event selection criteria. 

Charged particle tracks are reconstructed in the ID us- 
ing an algorithm optimized for p + p minimum-bias mea- 
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surcmciits [13]. In this analysis, the tracks are required 
to have px > 0.3 GeV and |?7| < 2.5, at least seven hits 
in the silicon detectors (out of a typical value of 11), and 
a hit in the first pixel layer when one is expected. In 
addition, the transverse (do) and longitudinal {zosin9) 
impact parameters of the tracks measured with respect 
to the primary vertex are required to be less than 1.5 mm 
and to satisfy |do/fciol < 3 and | sin 6'/o'^ | < 3, re- 
spectively, where crdg and <7z arc uncertainties on do and 
zq sin 9 obtained from the track-fit covariance matrix. 

The efficiency, e, for track reconstruction and track 
selection cuts is evaluated using p+Ph Monte Carlo 
events produced with the HIJING event generator [14] 
with a center-of-mass boost matching the beam condi- 
tions. The response of the detector is simulated using 
GEANT4 [15, 16] and the resulting events are recon- 
structed with the same algorithms as applied to the data. 
The efficiency increases with by 6% between 0.3 and 
0.5 GeV, and varies only weakly for px > 0.5 GeV, where 
it ranges from 82% at = to 68% for \ri\ > 2. It is also 
found to vary by less than 2% over the range of Y,E^^ 
observed in the p-|-Pb data. 

The two-particle correlation (2PC) analyses are per- 
formed in different intervals of Y,E^^, the sum of trans- 
verse energy measured in the FCal with 3.1 < rj < 4.9 (in 
the z-direction of the lead beam) with no correction for 
the difference in response to electrons and hadrons. The 
distribution of I]E^^ for events passing all selection cri- 
teria is shown in Fig. 1. These events are divided into 12 
TiE^*" intervals to study the variation of 2PC with overall 
event activity. Two larger intervals, Y,E^^ > 80 GeV and 
EE^" < 20 GeV, containing 2% and 52% of the events, 
respectively, hereafter referred to as "central" and "pe- 
ripheral," are used for detailed studies of the 2PC at 
high and low overall event activity. The quantity T,E^^, 
instead of charged particle multiplicity is used to char- 
acterize the event activity, since the latter is observed 
to have strong correlations with the 2PC measurements, 
particularly for events selected with low and high multi- 
plicities. However, for reference, the average ((iVch)) and 
the standard deviation ((Tat^,,) of the efficiency-corrected 
multiplicity of charged particles with px > 0.4 GeV and 
|?7| < 2.5 have been calculated for each I]E^^ range, yield- 
ing (A^ch) = 150 ± 7, CTjv^,^ = 35 ± 2 for central events and 
(-^ch) = 25 ± 1, CTjv^j^ = 18 ± 1 for peripheral events. 

The correlation functions are given [17-19] by: 



C(A0,A77) 



^(A0,A?y) 
S(A</),A77) 



C(A0) 



S(A0)' 



(1) 



where A(f> — (f>a — (t>b and A?; = rja — % and S and B 
represent pair distributions constructed from the same 
event and from "mixed events," [20] respectively. The 
labels a and b denote the two particles in the pair 
(conventionally referred to as "trigger" and "associated" 
particles, respectively [8]), which may be selected from 
different px intervals. The mixed-event distribution. 
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FIG. 1. Distribution of T,E^^ for minimum-bias p-|-Pb events. 
Vertical lines indicate the boundaries of the event activity 
classes. Shaded bands indicate the larger peripheral and cen- 
tral intervals having 'ZE^'' < 20 GeV and TjE^"" > 80 GeV, 
respectively. 



B{A(f>, Ar]), that measures uncorrelated pair yields was 
constructed by choosing pairs of particles from different 
events of similar Zvtx and track multiplicity, to match 
the effects of detector acceptance, occupancy, and ma- 
terial on S{A4>,Ar]), and of similar T^E^'^. The 1-D 
distributions ^(At/)) and B{Acf>) are obtained by inte- 
grating S{A(j),Ar]) and B{A(j), Arj), respectively, over 
2 < IA77I < 5. This |A?7| range is chosen to focus on 
the long-range features of the correlation functions. The 
normalization of C{A(j), At]) is chosen such that the A0- 
averaged value of C(A(/)) is unity. When measuring S 
and B, pairs are filled in one quadrant of the (Ai/), Arj) 
space and then reflected to the other quadrants. To cor- 
rect S{A(j), At]) and B{A<j), Arf) for the individual inef- 
ficiencies of particles a and 6, the pairs are weighted by 
the inverse product of their tracking efficiencies 1/ {ta^b)- 
Remaining detector distortions not accounted for in the 
efficiency largely cancel in the same-event to mixed-event 
ratio. 

Examples of 2-D correlation functions are shown in 
Figs. 2(a) and 2(b) for charged particles with 0.5 < < 
4 GeV in peripheral and central events. The correlation 
function for peripheral events shows a sharp peak cen- 
tered at (A(/), A?7) = (0, 0) due to pairs originating from 
the same jet, Bose-Einstein correlations, as well as high- 
Pt resonance decays, and a broad structure at A^ ~ tt 
from dijets, low-px resonances, and momentum conser- 
vation that is collectively referred to as "recoil" in the 
remainder of this Letter. In the central events, the cor- 
relation function reveals a ridge-like structure at Acj) ^ 
(the "near-side" ) that extends over the full measured Arj 
range, with an amplitude of a few percent. The distri- 
bution at Acf) ^ TT (the "away-side") is also broadened 
relative to peripheral events, consistent with the pres- 
ence of a long-range component in addition to that seen 
in peripheral events. 

To quantify the strength of these long-range correla- 



3 




FIG. 2. Two-dimensional correlation functions for (a) pe- 
ripheral events and (b) central events, both with a truncated 
maximum to suppress the large correlation at (A77, A(j!>) — 
(0,0); (c) the per-trigger yield distribution together with 
pedestal levels for peripheral (^^yam) ^'^'^ central (b^vAM) 
events, and (d) integrated per-trigger yield as function of 
E_Ex'' for pairs in 2 < \Ari\ < 5. The shaded boxes represent 
the systematic uncertainties, and the statistical uncertainties 
are smaller than the symbols. 

tions, it is convenient to define the "per-trigger yield," 
{Y{A(j))) which measures the average number of parti- 
cles correlated with each trigger particle [2, 17-19]: 

y,A*,.(aM^^)c(A« (2) 

where Na denotes the total number of trigger particles, 
and fczYAM represents the pedestal arising from uncor- 
related pairs. The parameter &zyam determined via a 
zero-yield-at-minimum (ZYAM) method [17, 21] in which 
a second-order polynomial fit to C(A0) is used to find the 
location of the minimum point, Acf)^^^^^^, and from this 
to determine ^zyam ■ The stability of the fit is studied by 
varying the A(f> fit range. The uncertainty in 62YAM 
pends on the local curvature around Adi . . and is esti- 

^ ^ ZYAM ' 

mated to be 0.03%-0.1% of the minimum value of C{A(j)). 
At high pt where the number of measured counts is low, 
this uncertainty is of the same order as the statistical 
uncertainty. 

The systematic uncertainties due to the tracking effi- 
ciency are found to be negligible for C{A(j>), since de- 
tector effects largely cancel in the correlation function 
ratio. However Y(A(f)) is sensitive to the uncertainty 
on the tracking efficiency correction for the associated 
particles. This uncertainty is estimated by varying the 



track quality cuts and the detector material in the simu- 
lation, re-analyzing the data using corresponding Monte 
Carlo efficiencies and evaluating the change in the ex- 
tracted y(A0). The resulting uncertainty on y(A(/)) is 
estimated to be 2.5% due to the track selection and 2%- 
3% related to the limited knowledge of detector material. 
The analysis procedure is validated by measuring corre- 
lation functions in fully simulated HIJING events [15, 16] 
and comparing it to the correlations measured using the 
generated particles. The agreement is better than 2% for 
C{A(f)) and better than 3% for y(A0). 

Figure 2(c) shows the Y{A(p) distributions for 2 < 
IA77I < 5 in peripheral and central events separately. 
The yield for the peripheral events has an approximate 

1 — cos A(j) shape with an away-side maximum, character- 
istic of a recoil contribution. In contrast, the yield in the 
central events has near-side and away-side peaks with 
the away-side peak having a larger magnitude. These 
features are consistent with the onset of a significant 
cos 2A^ component in the distribution. To quantify fur- 
ther the properties of these long-range components, the 
distributions are integrated over |A0| < 7r/3 and |A0| > 
27r/3, and plotted as a function of Ei^Jp" in Fig. 2(d). The 
near-side yield is close to for Y,E^^ < 20 GeV and in- 
creases with YiE^^. The away-side yield shows a similar 
variation as a function of "EE^'^, except that it starts at 
a value significantly above zero, even for events with low 
Y.E^^. The yield difference between these two regions is 
found to be approximately independent of T,E?j^^, indi- 
cating that the growth in the yield with increasing Ei?^'' 
is the same on the near-side and away-side. 

To further investigate the connection between the near- 
side and away-side, the Y(A4)) distributions for periph- 
eral and central events are shown in Fig. 3 in vari- 
ous ranges with 0.5 < p\. < A GeV. Distributions 
of the difference between central and peripheral yields, 
Ay(A0), are also shown in this Figure. This difference 
is observed to be nearly symmetric around A(j) ~ tt/2. 
To illustrate this symmetry, the AY{A(f>) distributions 
in Fig. 3 are overlaid with functions ao + 2a2 cos 2A(/), 
with the coefficients calculated as ao = {AY{A(f))) and 

02 = {AY{A(j))cos2A(j)). This form describes the AY 
distributions well, indicating that in the px region cov- 
ered in this analysis, the long-range component of the 
two-particle correlations can be approximately described 
by a recoil contribution plus a Ai^-symmctric component. 

The near-side and away-side yields integrated over 
\A(j)\ < 7r/3 and \A(f>\ > 27r/3, respectively (lint), and 
the differences between those integrated yields in central 
and peripheral events (Ayint) are shown in Fig. 4 as a 
function of p^. The yields are shown separately for the 
two 'SE^^ ranges in panels (a)-(b) and the differences 
are shown in panels (c)-(d). Qualitatively, the differ- 
ences have a similar p?^ dependence and magnitude on 
the near-side and away-side; they rise with and reach 
a maximum around 3-4 GeV. This pattern is visible for 
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FIG. 3. Distributions of per-trigger yield in the peripheral and 
the central event activity classes and their differences (solid 
symbols), for different ranges of and 0.5 < < 4 GeV, 
together with functions ao + 2a2 cos 2A(^ obtained via a 
Fourier decomposition (see text). The values for the ZYAM- 
determined pedestal levels are indicated on each panel for 
peripheral (fe^YAM ) ^'^'^ central (6^ 



"zvam) ^E^t bins. 



the near-side even before subtraction, as shown in panel 
(a), but is less evident in the unsubtracted away-side due 
to the dominant contribution of the recoil component. 
A similar dependence is observed for long-range corre- 
lations in Pb+Pb collisions at approximately the same 
PT [22, 23]. 

The relative amplitude of the cos2A0 modulation of 
Ay(A0), C2, can be estimated using ao, a-nd the ex- 



tracted value of fez YAM for central events: 



C2 = a2/(6^^^„+ao)- 



(3) 



Figure 4(e) shows C2 as a function of for 0.5 < p^^ < 
4 GeV. It exhibits a behavior similar to Ay(A0) at the 
near-side and away-side. Using the techniques discussed 
in Ref. [23], C2 can be converted into an estimate of S2, 
the average second Fourier coefficient of the event-by- 
event single-particle distribution, by assuming the fac- 
torization relation C2(pt,Px) ~ S2(px)s2(px). From this, 
S2(Pt) is calculated as S2(px) = c.2{Pt,p\:) I \J C2{p\,p\), 
where C2{p\,p\) = (5.4 ± 0.1) x 10"'^ is obtained from 
Eq. (3) using the 02 extracted from the difference be- 
tween the central and peripheral data shown in Fig. 2(c). 
The S2(Pt) values obtained this way exceed 0.1 at px ~ 
3 GeV; as given by the vertical axis on the right side 
of Fig. 4(e). The factorization relation used to compute 
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FIG. 4. Integrated per-trigger yields, Yint, (see text) vspjf- for 
0.5 < Pt < 4 GeV in peripheral and central events, on the 
(a) near-side and (b) away-side. The panels (c) and (d) show 
the difference, AYint. Panel (e) shows the pt dependence of 
C2 (left axis) and S2 (right axis). The right axis of (e) differs 
from the left only by a multiplicative factor 1/V5.4 x 10"-^ 
(see text). The error bars and shaded boxes represent the 
statistical and systematic uncertainties, respectively. 



S2(pt) is found to be valid within 10%-20% when se- 
lecting different sub-ranges of p\. within 0.5-4 GeV. The 
analysis is also repeated for correlation functions sep- 
arately constructed from like-sign pairs and unlike-sign 
pairs, and the resulting C2 and S2 coefficients are found 
to be consistent within their statistical and systematic 
uncertainties. 

In summary, ATLAS has measured two-particle corre- 
lation functions in ^snn = 5.02 TeV p-|-Pb collisions in 
different intervals of YjE^ over 2 < jAr^j < 5. An away- 
side contribution is observed that grows rapidly with in- 
creasing YiE^ and which matches many essential features 
of the near-side ridge observed here, as well as in previ- 
ous high-multiplicity p + p, p-|-Pb and Pb-|-Pb data at 
the LHC. Thus, while the ridge in p + p and p-|-Pb colli- 
sions has been characterized as a near-side phenomenon, 
these results show that it has both near-side and away- 
side components that are symmetric around Ac/) ~ 7r/2, 
with a A(f) dependence that is approximately described 
by a cos2A(/) modulation. A Fourier decomposition of 
the correlation function, C(A0), yields a pair cos2A0 
amplitude of about 0.01 at ~ 3 GeV, corresponding 
to a single- particle amplitude of about 0.1. 

Some of the features of the data, including the presence 
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of an away-side component, are qualitatively predicted in 
the Color Glass Condensate approach [6] which models 
saturation of the parton distribution in the Pb nucleus. 
However, the estimated amplitudes of the modulation 
on the single-particle level are found to be comparable 
in magnitude and dependence to similar modulations 
observed in heavy-ion collisions, commonly attributed to 
collective expansion of the hot, dense matter [23]. Thus, 
although the original motivation for this work was to 
study the possible effects of high parton density in the 
initial state of p+Pb collisions, the results presented here 
are suggestive of final-state collective effects in high mul- 
tiplicity events. 
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I.M. Grcgor42, P. Grenier^^s, j. Griffiths^ N. Grigalaslivili64, A.A. Grilloi37, K. Grimni^\ S. Grinstein^^ 
Ph. Gris34, Y.v. Grishkevich^^ J.-F. Grivaz"^^ J.P. Grohs^*, A. Grohsjean^^, E. Gross^^^^ j_ Grosse-Knetter54 
J. Grotli-Jensen"2, k. Grybel"\ D. Guest^^'^, O. Gueta^^^^ g. Guiclieney34, E. Guido^^'^'S"^, T. Guillemin"^ 
S. Guindon54, U. Gul^^, J. Gunther^^s, B. Guo^^s, J. Guo^^, P. Gutierrez"!, N. Guttmani^s^ Q. Gutzwiller"^ 
C. Guyot^^e, C. Gwenlan"^ C.B. Gwilliam^^^ ^ Haas^^^, S. Haas^o, C. Haber^^, H.K. Hadavand^, D.R. Hadley^^ 
P. Haefner^i, Z. Hajduk^^, H. Hakobyan"^ D. Hall"«, G. Halladjian62, K. Hamaclieri^s^ P. Hamal"^^ K. Hamano^e 
M. Hamer^^^ Hamiltoni^sb.o^ g_ Hamiltoni^i, L. Han^^^^ K. Hanagaki"^^ k. Hanawa^^", M. Hance^^ 
C. Handel^S P. Hanke^S'', J.R. Hansen^^, J.B. Hansen^^, J.D. Hansen^e, RH. Hansen^e, P. Hansson"3^ K. Hara^^" 
T. Harenberg"^ S. Harkuslia^o, D. Harper*"^, R.D. Harrington^^, Q.M. Harris"^ J. Hartert''^ F. Hartjes^^^ 
T. Haruyama^^ A. Harvey5^ S. Hasegawai°\ Y. Hasegawa"°, S. Hassani^^e^ g^ Haug^^ M. Hauschild^", R. Hauser^* 
M. Havranek^i, CM. Hawkesl^ R.J. Hawkings^", A.D. Hawkins'^^ T. Hayakawa^^^ Hayashi^^", D. Hayden^^ 
CP. Hays"8^ h.S. Hayward^^^ g j Haywood^^s, S.J. Head^**, T. Heck^i, V. Hcdbcrg^^, L. Heelan^, S. Hcimi^o 

B. Heincmannis, S. Hcisterkamp^e , L. Helary^^, C. Heller^^, M. Heller^o, S. Hcllniani46a,i46b^ p HcUmich^i 
G. Helsens^^^ R.CW. Hendcrson'^\ M. Hcnkc'^^'", A. Hcnrichs^''''^ A.M. Hcnriqucs Correia^°, S. Henrot-Versille"^ 

C. Hensel^^, G.M. Hernandez®, Y. Hernandez Jimenez^^^, R. Hcrrberg^^, G. Herten"**, R. Hertenberger^* 
L. Hervas^o, G.G. Hesketh^^, N.P. Hessey^o^, R. Hickling^^^ E. Higon-Rodriguezi^^^ j.G. Hill^s, K.H. HiUer^^ 
S. Hillert^i, S.J. HiUieris, I. HinchlifFel^ E. Hines^^o, M. Hirose"^ F. Hirsch^a, D. Hirsclibuehli^s^ J. Hobbs^^^^ 
N. Hodi53^ M.C Hodgkinson"9, p. Hodgson"9, A. Hoecker^o, M.R. Hoeferkamp^o^^ J. Hoffnian^o, D. Hoffniann^s 
M. HohlfeldS\ S.O. Holmgren^Sa^ t. Holy^^e, J.L. Holzbauer^s, T.M. Hong^^o^ L. Hooft van Huysduynen^os 
J-Y. Hostaclly5^ S. Kou^^^, A. Hoummadai^Sa^ j, Howard"^ J. Howarth^^^ ^ Hrabovsky"^^ L Hristova^^ 
J. Hrivnac"^, T. Hryn'ova^, P.J. Hsu^i, S.-C. Hsu^^s, D. Hu^s, Z. Hubacek^", F. Hubaut**^, F. Huegging^i 
A. Huettmann''2, T.B. Huffman"^, E.W. Hughcs^s, G. Hughcs^\ M. Huhtinen^", T.A. Hiilsing^i, M. Hurwitzi^ 
N. Huseynov^-^'P, J. Huston^s, J. Huth", G. lacobucci''^, G. lakovidis^o, M. Ibbotson^^, 1. Ibragimov^i 
L. Iconomidou-Fayard^!'^, J. Idarraga^^^, P. lengo^^^a^ q_ Igonkina^"^, Y. Ikegami^^, K. Ikematsu^*"'^ , M. Ikeno^^ 

D. Iliadisi54^ N. Iliciss, T. Ince^s, P. loannou^ M. Iodicei34a^ k. Iordanidou^ V. Ippolitoi32a432b^ j^.. 
les Quiles^", C Isaksson^^e^ Ishino"^, M. Ishitsuka^", R. Ishmukhamctovi^^, C. Isscvcr"^, S. Istin^^'^, 
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A.V. Ivashini28^ W. Iwanski^^, H. Iwasaki^^ J.M. Izen4\ V. Izzo^"2a^ g_ Jackson^^o^ j.N. Jackson^^^ Jackson^ 
M.R. Jackepo, V. Jain^, K. Jakobs^s, S. Jakobscn^e, T. Jakoubek^^s^ J. Jakubck^^e, D.O. Jamini^i, D.K. Jana^" 
E. Jansen*"^, H. Jansen'^", J. Janssen^^, A. Jantsch^^, M. Janus^®, R.C. Jared^'''^, G. Jarlskog'''^, L. Jeanty^'' 
G.-Y. Jengiso, I. Jen-La Plante^i, D. Jennens*^, P. Jenni^", P. Jez^^, S. Jezequel^ M.K. Jha^"^, H. Ji"^ 
W. Ji^i, J. Jia"8, Y. Jiang33b^ M. Jimenez Belenguer^^, S. Jin^^^, O. Jinnouchii57^ M.D. Joergensen^e , D. Joffe^o 
M. Johanscn"6a,i46b^ Johansson"6a_ p_ Johanssoni^s, S. Johnert^s, K.A. Johns^, K. Jon-And^'^'^'^eb 

G. Joncsi™, R.W.L. Joncs^i, T.J. Jones^^^ q Joram^o, P.M. Jorgci24a^ k.D. Joshi^^ J. Jovicevic"7, T. Jovini^b 
X. Jui^'\ C.A. Jung43, R.M. Jungst^", V. Juranek^^s, R Jussel^^, A. Juste Rozas^^, S. Kabana^^, M. Kaci^^^ 
A. Kaczmarska39, P. Kadlecik^^, M. Kado"^ H. Kagan^o^, M. Kagan", E. Kajomovitzi^^^ S. Kalinini^^ 
S. Kaina^o, N. Kanayai^^^ M. Kaneda^o, S. Kaneti^^, T. Kannoi^^ V.A. Kantserov^^ J. Kanzaki^s, B. Kaplan^o^ 
A. Kapliy^\ D. Kar'^^, M. Karagounis^\ K. Karakostas^°, M. Karnevskiy^\ V. Kartvelishvili''^, A.N. Karyukhin^^* 
L. Kashif"3^ Q Kasieczka^sb^ r.d. Kassl°^ A. Kastanasi^, Y. Kataoka^^s, J. Katzy^^, V. Kaushik^, K. Kawagoe*'^ 
T. Kawa^lotol5^ G. Kawamura8\ S. Kazanlal5^ V.F. Kazanini°^, M.Y. Kazarinov^^'', R. Keeler^^^ P.T. Keener^^o 
R. Kehoe''°, M. Keil^'', J.S. Keller"^^ ^ Kenyon^s, H. Keoshkerian^, O. Kepka^^s, N. Kerschen^o, B.P. Kersevan^'' 
S. Kerstenl7^ K. Kessokui55, J. Keungi^s, F. Khalil-zada", H. Khandanyan"6a446b^ Khanov"^ D. Kharchenko^'' 
A. Khodinov^s, A. Khomich^*'^, T.J. Khoo^^, G. Khoriauli2\ A. Khoroshilov"^ V. Khovanskiy9^ E. Khramov^'' 
J. Khubua^i'^, H. Kinii46a,i46b^ g jj Kimi^o^ N. Kiniura"\ O. Kindl^ B.T. King^^^ jyj King^e, R.S.B. King"^ 
J. Kirk^^g^ ^..E. Kiryunin^^, T. Kishimoto6^ D. Kisielewska^^, T. Kitamura^^, T. Kittelmanni^a^ K. Kiuchii™ 
E. Kladiva"'"^, M. Klein^^, U. Klein^^^ Kleinknecht^i, M. Klemetti8^ A. Klier^^^^ P. Klimeki^Sa.web 
A. Klimentov^s, R. Klingenberg^s, J.A. Klinger82, E.B. Klinkby^e, T. Klioutchnikova^o, P.P. Kloki""^ s. Klousi"^ 
E.-E. Kluge^sa^ rp Kluge^3^ p Kluitl°^ S. Kluth^^, E. Kneringer^i, E.B.F.G. Knoops^s, A. Knue^'', B.R. Ko'"^ 
T. Kobayashi^ss, M. Kobel'''*, M. Kociani^a^ p. Kodys^^^^ s. Koenig^i, F. Koetsveldio*, P. Koevesarki^i 
T. Koffas^s, E. Koffemani°5, L.A. Kogan"^^ S. Kohlniann"^^ F. Kohn^^, Z. Kohouti^e^ T. Kohriki^s, T. Koi"^ 

H. Kolanoskiis, V. KolesnikoyS^, I. Koletsou^^^, J. KoU*^, A.A. Komar^"^, Y. Ko^loril^^ T. Kondo^^ K. Konekc^" 
A.C. K6nigi''4^ T. Kono''^^?, A.I. Kononov^s, R. Konoplichio^.r^ Konstantinidis^^ R. Kopelianskyi^z^ S. Koperny^^ 
L. Kopke^i, A.K. Kopp^^^, K. Korcyl^^, K. Kordas^^^, A. Korn^e, A. Koroli"^ I. Korolkoyi^ E.V. Korolkova^^g 
V.A. Korotkovi28^ q_ Kortner^^, S. Kortner^^, V.V. Kostyukhin^i, S. Kotov^^^ V.M. Kotov^^, A. Kotwal^^ 
C. Kourkoumelis^ V. Kouskoura^^'', A. Koutsmani^Sa^ Kowalewski^^^, T.Z. Kowalski^^, W. Kozaneckii^e 
A.S. Kozhin^^^, V. Kral^^*^, V.A. Kramarenko^"^, G. Kramberger'^'', M.W. Krasny"^®, A. Krasznahorkay^°® 
J.K. Kraus^^ A. Kravchenko2■^ S. Krciss^°*, F. Krejci^^'^, J. Kretzschmar''^, K. Kreutzfcldt^^, N. Krieger^"* 
P. Krieger^^^, K. Kroeningcr^"', H. Kroha^^, J. Kroll-^^", J. Kroseberg^^, J. Krstic^''^, U. Kruchonak^^, H. Kriigcr^^ 
T. Kruker", N. Krumnack^s, Z.V. Krumshteyn^^, M.K. Kruse'^^, T. Kubota^^, S. Kuday'*'^, S. Kuehn^^ 
A. Kugel^s^ T. Kuhl42, V. Kukhtin^^, Y. Kulchitsky^^ S. Kuleshov32b^ M. Kuna^^^ Kunkle^^o, A. Kupco^^s 
H. Kurashige^^ M. Kurata^^o, Y.A. Kurochkin^o, V. Kus^^s, E.S. Kuwertz^^^, M. Kuze^", J. Kvita"2_ R. Kwee^^ 
A. La Rosa''^ L. La Rotonda^^^^-^Tb^ Labarga«°, S. Lablak^^s^^ c. Lacasta^^^^ F. Lacava"2a.i32b^ Lacey29 
H. Lacker^^ D. Lacour'^^ V.R. Lacuesta^^^, E. Ladygin^^, R. Lafaye^ B. Laforge"^*, T. Lagouri^^^^ g_ L^i^s 

E. Laisne^^, L. Lambourne'"'^, C.L. Lampen'', W. LampF, E. Lancon^'^^, U. Landgraf*®, M.P.J. Landon''^ 
V.S. LangSS'^, G. Lange42^ a.J. Lankford^^^^ F. Lanni25, K. Lantzsch^o, A. Lanza"^'', S. Laplace^*, C. Lapoire2i 
J.F. Laporte^36^ rj. Lg^j.j89a^ Larner"*, M. Lassnig™, P. Laurelli''^ V. Lavorini^^a.sTb^ Lavrysen^^ 
P. Laycock^^^ O. Le Dortz'^^ E. Le Guirriec^^ E. Le Menedeui2^ t. LeGompte*^, F. Ledroit-Guillon^^ 
H. Lce^os^ J.S.H. Lee"^^ S.C. Lee^^i, L. Lee™, M. Lefebvrei^^ M. Legendre^^e, F. Legger^^, C. Leggetti^ 
M. Lehmacher2i, G. Lehmann Miotto^°, A.G. Leister^'^'^, M.A.L. Leite24d^ R. Lcitneri27^ p)_ Lcllouchi'^2^ b_ Lemmer^'' 
V. Lcndermann^^'', K.J.G. Leney^"'^'^, T. Lenz^"'^, G. Lenzen^''^, B. Lenzi'"'", K. Leonhardt"^'*, S. Lcontsinis^° 

F. Lepold^sa, C. Leroy93^ j_r Lessardl'^^ C.G. Lcster28, CM. Lesteri20, j. Leveque^ D. Levins'^, L.J. Levinsoni^2 
A. Lewis"8^ G.H. Lewis^os, A.M. Leyko2i, M. Leytoni6, B. Li^^^, B. Li^s, H. Li"^^ H.L. Li^i, S. Li^^b'^ 
X. Li^^ Z. Liang"*'*, H. Liao^", B. Liberti^^aa^ p. Lichard^o, K. Lie^^s, J. Liebal2i, W. Liebigi"*, C. Linibach2i 
A. Limosani*6, M. LimperS2^ Lin^^i^", F. Lindel''^ J.T. Linnemann** , E. Lipelesi20^ a. Lipniacka" 
M. Lisovyi42, T.M. Uss^'^^, D. Lissauer25, A. Listeria, A.M. Litke"7, D. Liu^^i^ Liu^^b, L. Liu*^ 
M. Liu33b^ Y. Liu33b^ M. Livan"9'^'"9'=, S.S.A. Livermore"*, A. Lleres5^ J. Llorente Merino*", S.L. Lloyd^^ 
F. Lo Sterzo"2a,i32b^ Lobodzinska''2, p. Loch"^, W.S. Lockman^^?^ rj. Loddenkoetter2i , F.K. Loebinger*2 
A.E. Loevschall-Jensen^e, A. Loginov"^ G.W. Loh^f^*, T. Lohsel^ K. Lohwasser'^*, M. Lokajiceki25, V.P. Lombardo^ 
R.E. Long'^\ L. Lopesi24a^ Lopez Mateos", J. Lorenz^*, N. Lorenzo Martinez"^ M. Losadai62^ p^ Loscutoff^^ 
M.J. Lostyi59a,*^ X. Lou^i, A. Lounis"^, K.F. Lourciroi62^ j_ i^q^qG^ p.A. Love^\ A.J. Lowe^^^^g^ pu^^^^ 
H.J. Lubatti^^s^ Q L^j,ji32a432b^ Lucotte^s, D. Ludwig42, L Ludwig''*, J. Ludwig"*, F. Luehring^o, W. Lukas^^ 
L. Luniinarii32a^ p, Lund"^, B. Lundbcrg^^, J. Lundberg"6a,i46b^ O. Lundbergi46a,i46b^ ^ Lund-Jensen"7 
J. Lundquist^e, M. Lungwitz*\ D. Lynn25, R. Lysaki25, E. Lytkcn^^ H. Ma25, L.L. Ma^^^^ G. Maccarrone''^ 
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A. Macchiolo^^, B. Macck^'^, J. Machado MiguGnsi24a^ Macina^", R. Mackcprang^'^, R. Madar"**^, R.J. Madaras^^ 
H.J. Maddocks"^!, W.F. Mader'^'*, A. Madscni^^^ Macno^ T. Maeno^^, L. Magnonii^^^^ Magradze^^ 
K. Mahboubi^s, J. Mahlstedtl°^ S. Mahmoud^^^ G. Mahout^^, C. Maiani^^e^ C. Maidantchik^^^^ A. Maioi^*^,^ 
S. Majewski^s, Y. Makida^^, N. Makovec"^ P. Mal^^^^ b. Malaescu^^ Pa. Malecki^^, P. Malecki^^, V.P. Maleev^^i 

F. Malek^s^ U. Mallik62, D. Malon^, C. Malone"^^ S. Maltczosi", V. Malysheyio^, S. Malyukov^", J. Mamuzic^^b 

A. Manabe^s, L. Mandelli^^'^, I. Mandic'^'*, R. Mandrysch^^, J. Maneirai24a^ a. Manfredini^^, L. Man- 
haes de Andradc Filho^''''^, J. A. Manjarres Ramos^^^, A. Mann^^, P.M. Manning^'^^, A. Manousakis-Katsikakis^ 

B. Mansoulici36, R. Mantifel8^ A. Mapelli^o, L. Mapclli^o, L. March^s^^ J.F. Marchand^^, F. Marchcsei33a,i33b 

G. Marchiori"^*, M. Marcisovsky^^s^ q p_ Marino^'^^, F. Marroquim^"''', Z. Marshall^o, L.F. Marti^^, S. Marti- 
Garcia^^"^, B. Martin^", B. Martin***, J.P. Martin^^^ rj. Martin^*, V.J. Martin''^, B. Martin dit Latour''^ 

H. Martinez^^e^ Martinez^^ V. Martinez Outschoorn^'^, S. Martin-Haugh"^, A.C. Martyniuk^'^^, M. Marx*^ 

F. Marzano^^^'^, A. Marzin"\ L. Masetti*\ T. Mashimol^^ R. Mashinistov'''', J. Masik®^ A.L. Maslennikov^o^ 

I. Massa^O'^^^ob^ ^_ Massol^, P. Mastrandrea^''^, A. Mastroberardino^'^'^'^Tb^ Masubuchi^^^, H. Matsunaga^^*^ 
T. Matsushita^e, P. Mattig^^^^ S. Mattig''^, C. Mattravers"^^'', J. Maurer^^, S.J. Maxfield^^^ q a. Maximoyio^-'' 
R. Mazinii^i, M. Mazur^i, L. Mazzaferro^^Saassb^ Mazzanti^^^^, J. Mc Donald^^ S.P. Mc Kee^^, A. McCarn^ss 
R.L. McCarthy"^ T.G. McCarthy^^, N.A. McCubbin^^g^ ^ McFarlane^*^'*, J.A. Mcfayden^^g^ q Mchedlidze^^'^ 
T. Mclaughlanl^ S.J. McMahoni^s, R.A. McPhersoni^s^*^, A. Meade«^ J. Mechnichio^^ M. Mechtell^^ M. Medinnis''^ 
S. Meehan^i, R. Meera-Lebbai"\ T. Meguro"^ S. Mehlhase^^, A. Mehta^^^ k. Meier^s^^, C. Meineck^^ 

B. Meirose^^, C. Melachrinos^i, B.R. McUado Garcia^'^^^ F. Meloni^^'''^^'^, L. Mendoza Navas^^^^ Z. Meng^^i.^ 
A. Mcngarclli20^^20b^ g_ Mcnke^^ E. Meonii^i, K.M. Mercurio^^, N. Meric^^ P. Mermod''^, L. Merolai02a402b 

C. Mcroni89^, F.S. Mcrritt^i, H. Merritt^^^ A. Mcssina^O-'", J. Metcalfe^^, A.S. Mcte^^^^ q Mcyer^i, C. Meyer^i 
J-P. Meycri36_ j. Mcycr^o, J. Mcyer^^, S. Michal^o, L. Micu^e^, R.p. Middlctoni^s, S. Migas^^^ L. Mijovici^e 

G. Mikenbcrgi^2^ M. Mikestikova^^s, M. Mikuz^"^ j^y^ Miller^i, R.J. Miller^^, W.J. MiUs^ss, C. Mills" 
A. Milov^^^ D.A. Milstcad^'*^^'^'*^'', D. Milstein^^^ G. Milutinovic-Dumbclovici^^, A.A. Minaenko^^s^ Miiiano 
Moya^", LA. Minashvili^^, A.I. Mincer^o^^ B. Mindur^s, M. Mineev^^, Y. Ming^^^^ L.M. Mir^^, G. Mirabellii32a 
J. Mitrevskii37^ y.A. Mitsoui^^^ S. Mitsui'^^ P.S. Miyagawa^s, J.U. Mjornmark^^, T. Moa"^''^"^'', V. Moeller^s 
S. Moliapatra"^, W. Mohr^s, R. Moles- Vallsi", A. Molfetas^o, K. Monig^^, J. Monk^e, E. MonnierS^, J. Mon- 
tejo Berlingen^^^ Montieelli™, S. Monzani20a-.20b^ ^i.W. Moore^, C. Mora Herrera"^^, A. Moraes^^, N. Morange'52 
J. Morel^'', D. Moreno^\ M. Moreno Llacer^''^, P. Morettini^"*", M. Morgenstern'"', M. Morii^"^, A.K. Morley^o 

G. Mornacchi3°, J.D. Morris^^, L. Morvaji°\ N. M6ser2i, H.G. Moscr^^, M. Mosidze^i^, j. Moss^^^, R. Mount"3 
E. Mountrichai"^^, S.V. Mouraviev^^-*, E.J.W. Moysc^^^ p_ MucUer^s^, J. Muelleri23^ K. Muellcr2i, T. Mucller^i 

D. Muenstermann^o, T.A. Miiller^**, Y. Munwes^^^^ ^ j Murrayi29^ Mussche^o^, E. Mustoi'^2^ a.G. Myagkovi28 
M. Myskai25, 0. Nackenhorst^^^ Nadali2, K. Nagaii^o, R. Nagai^^^^, Y. Nagai^s, K. Nagano^s, A. Nagarkar^os 
Y. Nagasaka^^, M. Nagcl^^, A.M. Nairz^o, Y. Nakahama^o, K. Nakamura6^ T. Nakanlural5^ I. Nakano"° 

H. Naniasivayam'^\ G. Nanava2i, A. Napier^'^^ R. Narayan^*'', M. Nasli^"^-'*, T. Nattermann2i, T. Nauniann'^2 

G. Navarroi62, H.A. Neal^^^, P.Yu. Necliaeva^*, T.J. Neep*2^ a. Negri"^'''"^'^, G. Negrito, M. Negrini20^ 
S. Nektarijevic'*^ A. Nelson^^s^ T.K. Nelson"3^ S. Nemeceki25^ p. Nemetliyio*, A.A. Nepomuceno24a, M. Nessi^O'?^ 
M.S. Neubauer^s^, M. Neumann^'^^, A. Neusiedl^\ R.M. Neves^°®, P. Nevski25, F.M. Newcomer^20^ pj^_ Newman^^ 

D. H. Nguyen'5, V. Nguyen Thi Hong^^e^ g Nickerson"^, R. Nicolaidou^^^, B. Nicquevert3°, F. Niedercorn"^ 
J. Nielseni37, N. Nikiforou3^ A. Nikiforov^^, V. Nikolaenkoi28^ i Nikolic-Audit^^ K. Nikolics''^ K. Nikolopoulos^* 

H. Nilsen''^ P. Nilsson^ Y. Ninonliyal^^ A. Nisatii32a^ ^ Nisius^^, T. Nobe^", L. Nodulman^, M. Nomaclii"^ 

I. Nomidis^^"*, S. Norberg"\ M. Nordbcrg^o, J. Novakovai27^ Nozaki^^, L. Nozka"^^ A.-E. Nuncio-Quiroz2i 
G. Nuncs Hanninger^e, T. Nunnemann^^ , E. Nurse^^ B.J. O'Brien''^, D.C. 0'Neil"2, y. O'Shea^s, L.B. Oakes^* 

E. G. Oakhani29^/, H. Oberlack^^ J. Ocariz^^, A. Ochi^e, M.I. Ochoa^^ S. Oda^^, S. Odaka^s, J. Odier^s, H. Ogren^o 
A. Oh**2^ g jj Qh45^ c c. Ohm^o, T. Ohshimai"!, W. Okamura"^ H. Okawa25, Y. Okumura^i, T. Okuyamai^^ 
A. 01ariu26'^, A.G. Olchevski^^, S.A. Olivares Pino'*^ M. 01iveirai24a,'^ d. Oliveira Daniazio25, E. Oliver Garcia^^^ 
D. Olivitoi20, A. Olszewski's, J. Olszowska'^, A. Onofrei24a.^^ P.U.E. Onyisi'i C.J. Orami^s*^, M.J. Oreglia'i 
Y. Oreni53^ D. Orestanoi34a434b^ Orlando^2a,72b^ Oropeza Barrera^'^ R.S. Orr^^s, B. Osculati^o^^^sob 
R. Ospanovi20, C. Osunai2, G. Otero y Garzon27, J.P. Ottersbacliio^^ M. Ouclirifi35<i, E.A. Ouellettei^s 

F. Ould-Saada"^ A. Ouraoui'^^ q. Ouyang'''^, A. Ovcharoval^ M. Owen«2^ Owen^^g^ V.E. Ozcan^^^ 
N. Ozturk*, A. Pacheco Pagesi2, C. Padilla Arandai2, S. Pagan Griso^^, E. Paganisms, C. Pahl^^ F. Paige25 
P. Pais^^^, K. Pajchcl"^, G. Palacino^^^^, CP. Paleari^, S. Palcstini'o, D. Pallin'^, A. Palmai24a^ j.d. Palmeri^ 
Y.B. Pan^"^', E. Panagiotopoulou^", J.G. Panduro Vazquez''^, P. Pani^°^, N. Panikashvili^'', S. Panitkin25 
D. Pantea2^'^, A. Papadclis^"'^'', Th.D. Papadopoulou^°, A. Paramonov^, D. Paredes Hernandez''^, W. Park25^'''' 
M.A. Parker28, F. Parodi^o^^-^ob^ Parsons'^ U. Parzefall'^^, S. Pashapour^^, E. Pasqualuccii32a^ g_ Passaggio^O'' 
A. Passerii34a^ p. pastore"''''^"'"'^*, Fr. Pastore^^^ q Pg^sztor^'S'^^ S. Pataraia"^ N.D. Patel^^o, J.R. PaterS2 
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S. Patriccllii"2a402b^ rj. p^uiySO^ Pcarce^^^, M. Pcdcrsen"'^, S. Pedraza Lopcz^^^ M.I. Pcdraza Moralesi^^ 
S.V. Pclcganchukio^ D. Pclikani^^^ jj. Pcng^^^^ B. Pcnning^i, A. Penson^^, J. PcnwcU^o, D.V. Perepclitsa^s 
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